Chloroplast Membranes, Acridine Binding, Cation Effects 9-Am inoacridine (9AA) binds to photosynthetic m em branes of unillum inated chloroplasts in low-salt media. The binding was insensitive to the uncouplers of photophosphorylation. The ap parent binding constant was 140 j u m . The binding isotherm as a function of 9AA concentration was sigmoid, and approxim ately 3 mol 9AA/mol chlorophyll was bound at saturating concentrations of 9AA.
Introduction
In course of studies on the cation effects on the light-induced proton gradient in isolated chloro plasts as measured by 9-aminoacridine (9AA) fluorescence quenching [1] it was observed [2] that in low-salt chloroplasts a significant amount of 9AA fluorescence was quenched before actinic il lum ination compared to the chloroplasts in presence of divalent cations. This report describes some of the properties of the effects of Mg2+ on 9AA fluo rescence quenching in unilluminated chloroplasts.
M aterials and M ethods
Class II chloroplasts were isolated from 2 -3 week old dwarf peas (Greater Progress) grown in the greenhouse. The procedure of isolation was of Nobel [3] as modified by Rurainski and Hoch [4 ] . Approximately 10 gm of young leaves were ground in a chilled m ortar with 10 ml of a medium con taining 0.4 m sucrose, 10 mM NaCl, and 15 mM Tris-HC1 (pH 7 .5 ). The macerate was filtered through two layers of silk bolting cloth (125 mesh) and centrifuged for 50 seconds at 2000 x g. The pellet was taken up in a small volume of grinding medium (2 -3 mg Chl/ml) and stored in ice. The actual ex periment was started immediately after isolation and continued for not more than four hours. Chloro phyll concentration was determined by the method of Arnon [5 ] .
9AA fluorescence was measured in a relaxation spectrophotometer used in the fluorescence mode [6 ] . The emission was excited by a weak modulated (16.1 cps) monochromatic (362 nm) beam which was additionally passed through a 362 nm inter ference filter and a Corning glass filter No. 9874. Binding of 9AA to chloroplasts was measured eiher spectrophotometrically or by fluorescence of 9AA. The spectrophotometric assay (suitable only for dark binding) was perform ed by incubating the chloroplasts with 9AA, centrifuging the chloroplasts out of the suspension, and then determining the difference in OD from the control (with no chloro plasts) at 362 nm in a Perkin Elmer Colman 124 double beam spectrophotometer. Fig. 1 illustrates the effects of Mg2+ on 9AA fluorescence level before and during actinic illumi nation. Two distinct effects were observed. Firstly, the dark fluorescence level was increased signifi cantly; secondly, the light-induced quenching of fluorescence was greater in presence of Mg2+. The light-induced quenching, as has been shown pre viously [1 ], was abolished by uncouplers, and is generally regarded [1, 7] to be a measure of p ro ton gradient across the thylakoid membranes. This report concerns only with the dark fluorescence level and describes the effects of Mg2+ on it. Table I shows the magnitude of fluorescence in crease by Mg2+, which varied from 20 to 50% from one preparation to another. It also shows that within the pH range used there was no significant effects of pH on the increase of fluorescence level. Quenching of 9AA fluorescence appears to be due to binding of the dye to the membranes. Upon ad dition of Mg2+ the dye is released back into the medium. The fluorescence quenching in the dark, unlike the light-induced quenching, was not sensitive Reaction m ixture: 15 mM buffer-MES for pH 6.2 and 6.8, Tricine for pH 7.6 and 8.5; 10 mM NaCl, 20 -25 ju g Chl/m l in 2.0 ml total. 20 juu 9AA. Reaction condition same as in Table I .
R esults
to the uncouplers such as gramicidin and CCCP (Table I I ), indicating that the dark binding occur red in the absence of a high energy state. Assuming that the dye binds to some functional groups in the membranes and that Mg2+ competes successfully with the dye for these groups, an at tempt was made to titrate the unknown groups with 9AA. The amount of 9AA bound per mg chlorophyll was determined by the increase of fluorescence upon adding Mg2+ as a function of 9AA concentration added to the medium (Fig. 2 ) . A linearity was ob served at least up to 100 (« M 9AA at which point one mole 9AA was bound per mole chlorophyll. This indicated that a large supply of these groups must be available. We have used spectrophotometric techniques to monitor 9AA binding at high 9AA concentrations; this was accomplished by m onitoring the removal of 9AA from the supernatant after centrifuging the chloroplasts out of solution. By this technique we were able to titrate the groups using a higher range of added 9AA. (In the experiment of Fig. 2 we had avoided very high levels of 9AA to eliminate the possible artifact of self quenching of fluorescence occurring at high absorbances.) Fig. 3 and Fig. 4 show the results at pH 8.5 and 6.1 respectively. Several features of these binding isotherms are to be noted. Firstly, as many as three 9AA/Chl can bind to the membrane in absence of Mg2+. Secondly, in the lower range of 9AA concentration, bound 9AA was released almost entirely by 5 m M Mg2+; this observation being consistent with the fluorescence technique of determining 9AA binding (Table III) . Thirdly, the apparent binding constant was ap proximately 140 jiiM. Fourthly, neither the nature of the binding isotherm nor the apparent binding constant altered significantly when the pH was changed from 8.5 to 6.1.
D iscussion
It appears that 9AA binds to the thylakoid mem branes in absence of Mg2+. Since the thylakoid membranes have net negative charge at physiological pH and 9AA bears a positive charge (pK ~1 0 ) , most likely electrostatic binding takes place, and Mg2+ competes successfully releasing the dye out. We exclude the possibility of an existence of zlpH across the membranes responsible for the disap pearance of the dye for two reasons. Firstly, the disappearance was insensitive to uncouplers; second ly, calculations show (Table III, last column) that a zlpH of approximately two units should exist to account for the disappearance of the dye, which seems very unlikely because there exists no driving force in the dark to maintain such a high proton gradient.
A high solubility of a substance in the membrane may result in its disappearance from the medium into the membranes. Fig. 2 and Fig. 3 show that ap proximately one 9AA/chlorophyll was " lost" from a solution containing 20 jug Chl/ml and 100 jum 9AA. This result can be accounted for solely in terms of solubility, if 9AA has 100 fold higher solubility in the membranes than in the buffer. Although the partition coefficient of 9AA between thylakoid membranes and water is unknown, a value of 1.2 has been reported between olive oil and water [8 ] . This suggests that increased membrane solubility is not sufficient to account for the ob served disappearance of the dye. Moreover, if the loss of 9AA from solution were due to increased solubility of the dye in the membrane, it is difficult to visualize how Mg2+ could possibly decrease the solubility by about 100 fold.
The release of the dye bade into the medium on addition of Mg2+ cannot be due to osmotic shrinking of chloroplast volume. The fractional increase of 9AA fluorescence level on addition of Mg2+ was found to be practically independent of pH between 6.0 and 8.5 (Table I) , while the shrinking of chloro plast volume by Mg2+ was insignificant at low pH and increased with increasing pH [2, 1] .
Recently, Barber et al. [10] have proposed that the cation effects on chloroplast structure and func tion can be explained in terms of diffuse electric double layer at the surface of the thylakoid mem brane. Searle et al. [ 1 1 ], analyzing the cation in duced increase of 9AA fluorescence in terms of dif fuse double layer, have concluded that the cationinduced displacement of 9AA from the diffuse layer adjacent to the negatively charged membrane su r face resulted in the observed increase of 9AA fluo rescence by cations. Our observations, however, can not exclude binding of 9AA to certain specific sites in the membranes. The observed sigmoidicity of the binding isotherms (Figs 3 and 4) indicates some kind of cooperative binding. Moreover, an apparent binding constant of 140 ,mm appears to be too low to be explained in terms of electrical double layer alone. It is to be noted that low binding constants (approxim ately 50 ,«M and 5 jum) for Ca2+ to the thylakoid membranes have been reported previous-
iy [ 1 2 ] -
Mg2+-induced release of 9AA showed a linear relationship with 9AA concentration (Fig. 2) when the release was measured by the increase of 9AA fluorescence. However, the same relation was sigmoid (Fig. 5) when the release was measured by absorbance change. Since the latter technique gives a direct determination of 9AA bound to the membrane, while the former technique depends on the fluorescence yields of the bound and free 9AA under various conditions, the apparent discrepancy may be explained by assuming that 9AA binds to two kinds of sites and the fluorescence yield of the residual bound 9AA in presence of Mg2+ was highly increased for one kind of binding site. It is further assumed that in the lower concentration range of 9AA ( < 100 j u m ) the dye is preferentially bound to this kind of site. This explains why we obtained more fluorescence increase on addition of Mg2+ in the lower 9AA concentration than could be expected from the actual amount of 9AA released. In other words, the increase of fluorescence may not be a true measure of 9AA released, and the observed linearity of fluorenscence increase as a function of 9AA concentration (Fig. 2) may be fortuitous. The above interpretation suggest that the lifetime of 9AA fluorescence in presence of chloroplast membranes
